Purpose The use of inappropriate cementation techniques has been suggested as an adverse factor for the long-term survival of hip-resurfacing arthroplasty. Inadequate initial fixation, thermal osteonecrosis and interface biological reactions are possible causes of failure. We analysed morphological changes associated with the cementation technique in a large collection of retrieved femoral components. Methods One hundred and fifty femoral components (mean time to failure of 8.3 months±11.0) obtained at revision surgery were analysed morphometrically and histopathologically. Cement mantle and penetration were quantified in six different regions of interest. Histopathological analysis of the bone-cement interface was performed on undecalcified processed bone tissue. Results The vast majority of the cases differed substantially from laboratory-based cement-penetration depth recommendations. Fifty-nine cases had a fibrous membrane at the cement-bone interface. This membrane was significantly thicker in cases with osteonecrosis compared to cases viable bone. Conclusions Our results demonstrate that most failures were cemented inappropriately. We suggest that poor cementation was an important adverse factor; however, the cause of the failures was obviously multifactorial. The thickness of the fibrous membrane at the cement-bone interface differed significantly between cases with osteonecrosis and specimens with viable bone tissue.
Introduction
Hip-resurfacing arthroplasty (HRA) has experienced a revival over the last decade. In 2009 in the United Kingdom, 33% of male patients under the age of 55 years who required primary hip replacement underwent a resurfacing procedure [1] . Femoral-head or -neck fractures [2, 3] and aseptic loosening of the femoral component [3, 4] are the most common early failure mechanisms of HRA. In later follow-up sessions, adverse soft-tissue reactions to metal wear seem to play an important role in prosthesis failures in a subset of patients. In particular, metallosis [5] , pseudotumours [6] , excessive intraosseous lymphocyte infiltration [7] , proliferative desquamative synovitis [7, 8] and so-called aseptic lymphocytic-vasculitis-associated lesions (ALVAL) [9, 10] have been reported in cases revised for unexplained groin pain.
The success of cemented HRA is presumably based upon establishing solid bonds between implant and bone using cement. However, different cementing strategies apply to different implant designs [11] . Whereas some prosthetic designs allow a cement mantle of about 1 mm by providing a greater clearance between implant and bone, such as the Durom (Zimmer Orthopaedics, Warsaw, IN, USA), ASR (DePuy Orthopaedics, Warsaw, IN, USA) and ReCap (Biomet Orthopaedics, Warsaw, IN, USA), other designs such as the BHR (Smith & Nephew PLC, London, UK) or Cormet (Corin Medical, Cirencester, UK) have a tighter femoral component fit and allow minimal or no cement mantle [12] [13] [14] .
Although many factors influence cement penetration into the bone remnant (cement amount, type, viscosity; timing and application type; quality of femoral bone remnant tissue; preparation of femoral remnant using jet lavage or drilling additional fixation holes), it is not possible to prove cement penetration in vivo, and recommendations regarding cement penetration are scarce. Several experimental studies recommend cement penetration into the bone of about 3-5 mm [15, 16] to achieve optimal fixation and prevent harmful polymerisation temperatures [17] , to achieve successful long-term fixation. Several studies [11, 18, 19] emphasise the importance of proper cementation. However, investigations into the clinical realisation of the recommended cementation technique for HRA, including quantitative cement data, are rare [13] . The primary objective of this study was to quantify the cement mantle and penetration depth for each failed prosthesis and to analyse morphological changes associated with cement status.
Materials and methods

Patient demographics
In this international multicentre study, 150 femoral components of patients who had undergone revision surgery between 2004 and 2007 [64 (50.4%) men (mean age 56.4 years±9.2) and 63 (49.6%) women (mean age 55.5 years±10.4)] were analysed. Following revision surgery, all specimens were fixed in 4% buffered formalin solution and sent to our laboratory. Most specimens were early failures (mean time to failure averaged 8.3 months±11.0). Data on the reason for revision surgery were available in 125 cases: 90 (72.0%) failed due to atraumatic periprosthetic fracture, nine (7.2%) were revised for acetabular component loosening and 26 (20.8%) for pain or luxation of the femoral component (Table 1) . Valid data on cement type were available for 56 of 150 retrievals. Correlation between patient age and time of implantation was close to zero (adjusted R²00.027; p00.038). Undecalcified preparation, grinding and histology
The standard preparation technique is described in detail elsewhere [20] . Briefly, a 4-mm slice of the femoral head was sectioned in the coronal plane, leaving the implant bone composite and the cemented interface intact. For further preparation, the specimens were subjected to an undecalcified infiltration process [7, [20] [21] [22] to preserve the cement status [21] . The specimens were ground and stained with toluidine blue [21] (Fig. 1 ). Ground specimens with in situ cement and metal components were analysed morphologically and microscopically. Up to four additional histological sections -depending on the amount of available bone tissue under the femoral component -were prepared in the anteroposterior plane. The undecalcified samples were plastic embedded, cut into 5-μm sections, and stained using the von Kossa technique, toluidine blue and the Goldner trichrome.
We specifically focused on a histopathological analysis of the cement-bone interface with regard to morphological changes in the interface membrane. We quantified the occurrence and width of the fibrous interface membrane. Osteonecrosis (ON) was microscopically defined by the presence of trabeculae without stainable osteocytes, disorganised bone marrow and bordering fibrosis [23] .
Quantitative cement data analysis
The cement mantle was defined as the cement layer between the resurfacing component and the border of the cancellous bone. Cement penetration was defined as Fig. 1 a Postoperative anteroposterior radiograph after hip-resurfacing arthroplasty (HRA) and b subsequent failure 2 months later. c For failure analysis, all specimens were dissected with a diamondcoated saw, d subjected to contact X-rays and e processed to give 300-μm-thick specimens for full appreciation of bone structure and cement beneath the metal surface Fig. 2 Different regions of interest (1-3) used to analyse cementmantle thickness and penetration the interdigitating cement material between the surface of the reamed bone and deeper bone tissue. Cement thickness was determined directly from the ground specimens using a measuring eyepiece (Carl Zeiss AG, Germany, accuracy 0.1 mm). Cement measurements were taken from the dome of the cap (zone 1), the intermediate (zone 2), and the radial (zone 3) region on each side of the stem (Fig. 2) [18] . Regions of interest (ROIs) with cement-filled cysts or cement pegs were excluded from the analysis. Previous studies show that the depth of cement penetration seems to be independent of implant design [24] . As there are no predefined product-specific values, we further analysed cement penetration with respect to laboratory recommendations based on experimental data, stating that cement penetration should ideally measure 3-5 mm [15, 16, 18, 25] . Histopathological analysis of the femoral remnant was also performed in each case.
Statistical analysis
Statistical analysis was conducted using SPSS 17.0 (SPSS Inc
revealed substantial differences regarding prosthesis design: it was thicker in Durom than in BHR, ASR and ReCap. Examples of cement/mantle defects: e improperly seated cemented femoral component and osseous remnant, with bleeding into the empty area, f irregularly folded cement mantle, g trapped air mixed into the cement mantle with a significance level of 5%. Linear regression analysis was used to assess the relative effect of age on implant survival until revision.
Results
Cement mantle analysis revealed no substantial differences regarding prosthetic designs between zones 1 and 2 (Table 1). In zone 3, the cement mantle was substantially greater in Durom, at 1.5 mm±0.6, compared with ReCap (1.0 mm±0.3, p00.001), ASR (0.8 mm±0.8, p00.001) and BHR (0.4 mm±0.5, p00.004) (Fig. 3d) (Table 1) . However, no differences between Durom and Cormet (1.0 mm±0.9) could be found. Overall, the mantle was thickest in zone 1 (2.72 mm±2.07), followed by zone 2 (1.66 mm±1.52) and zone 3 (0.86 mm ± 0.78). Eleven cases showed major cement-mantle defects, most likely caused intraoperatively by bleeding (Fig. 3e) , folded cement layers (Fig. 3f) or trapped air (Fig. 3g) .
Implant design also had a substantial influence on cement penetration. Although 567 (65.1%) of 871 analysed ROIs showed cement penetration <3 mm, 164 (18.8%) ROI displayed a penetration depth >5 mm (Fig. 4) . The deepest cement penetration values were recorded in zone 2 (3.27 mm±3.78). No significant differences were found in zone 1. ReCap (8.0 mm±3.8) showed greater cement penetration in zone 2 than did ASR (3.0 mm±3.7, p<0.001), Cormet (2.4 mm±3.7, p00.022) or Durom (2.4 mm±2.2, p00.001). In addition, differences were found between BHR (5.8 mm±4.7) and Durom (p00.037) and ASR (p00.041) (Fig. 5a) (Table 1) . For zone 3, ReCap (4.8 mm±2.5) and BHR (4.7 mm±3.8) showed greater cement penetration in comparison to ASR (2.0 mm±2.4; ReCap p00.003; BHR p00.002) and Durom (2.0 mm±1.3 ReCap p00.019; BHR p00.011) (Fig. 5b) ( Table 1 ). The deepest cement penetration values were Multivariate analysis confirmed significant independent differences in penetration between male and female patients. In specimens from women, cement penetration was significantly deeper than in men in zone 1 (mean penetration 3.53 mm±3.12 compared with 2.15 mm±2.60 in men; p0 0.042) and zone 2 (4.07 mm±4.43 compared with 2.56 mm± 3.21 in men; p00.031). Zone 3 showed no significant differences (p00.879) (Fig. 6) . No relationship was found between cement viscosity and depth of penetration (p00.947).
A fibrous interface membrane was microscopically detected in 59 (39.3%) of 150 cases. Interestingly, the thickness of the fibrous membrane varied substantially and was correlated with other histopathological findings, particularly with the presence of osteonecrosis (ON) (Fig. 7) . The fibrous membrane was thicker in specimens with ON (mean thickness of fibrous membrane 1.01 mm±3.26) than in hips with viable bone remnants (mean thickness of fibrous membrane 0.31 mm ± 1.13; p 00.021, Kruskal-Wallis test). Furthermore, fibrous membrane thickness increased in cases with a morphologically defined mode of loosening of the femoral component [4] in the following order: cement-implant debonding (mean thickness of fibrous membrane 0.1 mm± 0.14), loosening of the bone-cement interface (mean thickness of fibrous membrane 0.49 mm ±1.05), collapsed ON (mean thickness of fibrous membrane 0.88 mm±1.05) and pseudoarthrosis (mean thickness of fibrous membrane 1.18 mm ± 1.32, p 00.256, KruskalWallis test). Statistical analysis of the latter comparison found no significant differences, but it should be noted that two groups contained fewer than five cases each.
Discussion
Experimental studies [16, 18, 25] have demonstrated the importance of proper cementation, particularly against the background of the different cementing philosophies being applied to the different implant designs [11] . However, clinical retrieval analyses of present-generation HRAs, demonstrating the cementation technique and associated structural changes beneath the femoral component, are rare [13] . Our study demonstrated substantial variability in the cement mantle thickness in failed HRA. Some cases had regions with a cement mantle over ten millimetres; there were also cases in which the same prosthesis design had no cement mantle at all. Furthermore, we observed the presence of cement mantles of up to several millimetres in designs in which the manufacturer intended practically no cement mantle, which is in accordance with the results of Campbell et al. [24] . In zone 3, the cement mantle in the Durom prosthesis was substantially greater than that found in other designs (ReCap, ASR and BHR), which might be explained by the greater gap between the implant and the edge provided by the implant. However, we observed no substantial differences in cement mantle regarding specific design features of zones 1 and 2. An adequate cement mantle is considered a basic requirement for mechanical stability [18] ; however, an excessive mantle might cause incorrect positioning, high local intraosseous temperatures [26] or femoral-neck lengthening -notably associated with altered bending moments [2] and the possibility of uncovered reamed bone.
Our specimens also showed a wide range of cement penetration depths. Due to the lack of specific manufacturers' specifications, we evaluated the penetration depths according to laboratory-based recommendations of three to five millimetres. With respect to these recommendations only one case complied with all ROIs. Almost 20% of the analysed ROIs presented cement penetration depths over five millimetres. Excessive cement penetration was found in particular in zone 2 of the ReCap prostheses (average penetration 8.0±3.8 mm). In agreement with Campbell et al., who considered values over five millimetres to be excessive [13] , large cement masses have been demonstrated to reach temperatures of up to 68°C [26] . This could result in thermally induced ON [19, 27] or reduced osseointegration [28] . Even though large masses of cement were observed in our specimens, the characteristic features of direct thermal injury to the viable bone, or ON, were not identifiable. This might reflect the longer time period (several months) between implantation surgery and revision [23] . In this study, more than half of all periprosthetic fractures were classified as postnecrotic fractures [2] . Despite the absence of evidence of thermal damage to bone remnants in retrieval studies, other potentially adverse effects of inappropriate surgical or cementing techniques were suggested: arterial damage [29] and cardiopulmonary complications [26, 30] .
Obviously, the thickness of the cement mantle, and the depth of cement penetration, is influenced by the cementing technique used. Reasons for high penetration depths include the use of jet lavage, especially at a high pressure in osteopenic bone, which itself is another influencing parameter [31] . Cement viscosity has also been regarded as a very important factor [32, 33] . However, we were not able to prove a significant influence of cement viscosity on the depth of penetration in vivo. We are aware of the limited validity of our data, as -despite the international study design and the participation of 68 surgical departments from 18 countries worldwide -detailed information on cement viscosity was only available in one third of the study cases.
Concerning the development of fibrous membranes: Major biomechanical stresses seem to be absorbed by the implant itself; mechanical factors that possibly lead to repetitive trauma to the interface bone seem to play a subordinate role in the development of fibrous membranes in well-fixed femoral components. In fact, we did not detect a fibrous membrane in many of cases with a well-fixed femoral component, which is consistent with findings reported by Morberg et al. [34] . The cases with typical bone-cement loosening [4] , however, demonstrated a continuous fibrous membrane over the entire surface of the remnant bone tissue.
We recognise the fact that there are several limitations to this study. First, this morphological and morphometric investigation was performed in the setting of a retrospective, international multisurgeon study over several years. Therefore, specific information, such as detailed descriptions of surgical and cementation techniques or the duration of implantation surgery, was not available in all cases. Furthermore, we had no cadaver specimens and were not able to include an adequate control group of functioning HRAs. Our results, however, showed considerable variability in cementation characteristics in hips retrieved from resurfacing arthroplasty. Furthermore, the vast majority of specimens showed a cement mantle and Fig. 7 Bone-cement interface in retrieved hip-resurfacing arthroplasty (HRA) specimens: a Specimen with viable bone and absent fibrous interface membrane. A discrete layer of macrophages was visible on the surface of the cement (plastic embedding; stain: Goldner trichrome, original magnification ×200). b Thin fibrous membrane on the bonecement interface (plastic embedding; stain: Goldner trichrome, original magnification ×200). c Thick fibrous membrane (mid) at the border of advanced osteonecrosis (above; plastic embedding; stain Goldner trichrome, original magnification ×25) penetration thickness that substantially differed from the values recommended in recent experimental studies. As we were unable to identify a specific mode of failure associated with the cementing techniques, the cause of these failures was probably multifactorial. We also demonstrated substantial differences in the thickness of the interface fibrous membrane in cases with distinct failure modes.
